How living systems detect the presence of genotoxic damage embedded in a million-fold excess of undamaged DNA is an unresolved question in biology. Here we have captured and structurally elucidated a base-excision DNA repair enzyme, MutM, at the stage of initial encounter with a damaged nucleobase, 8-oxoguanine (oxoG), nested within a DNA duplex. Three structures of intrahelical oxoG-encounter complexes are compared with sequence-matched structures containing a normal G base in place of an oxoG lesion. Although the protein-DNA interfaces in the matched complexes differ by only two atoms-those that distinguish oxoG from G-their pronounced structural differences indicate that MutM can detect a lesion in DNA even at the earliest stages of encounter. All-atom computer simulations show the pathway by which encounter of the enzyme with the lesion causes extrusion from the DNA duplex, and they elucidate the critical free energy difference between oxoG and G along the extrusion pathway.
Damaged nucleobases in DNA, generated spontaneously through the attack of reactive species on the genome, are an important source of carcinogenic mutations 1, 2 . Lesion-specific DNA glycosylases catalyse removal of most aberrant nucleobases and initiate the base-excision repair pathway 3, 4 . Searching through the vast genome to locate the exceedingly rare lesions (1 per 10 6 -10 7 base pairs) without energy infusion represents an especially challenging task for DNA glycosylases, because the covalent structures of the target lesions often closely resemble their normal counterparts.
One lesion of particular interest is 8-oxoguanine (oxoG, Fig. 1a ), an oxidation product of guanine 5 , which causes GNC to TNA transversion mutations during replication 6 . Despite the obvious structural similarity of oxoG to the vastly more abundant G, and its rather innocuous effects on isolated DNA helices [7] [8] [9] [10] , oxoG is recognized specifically and efficiently by 8-oxoguanine DNA glycosylases, namely bacterial MutM and eukaryotic OGG1. High-resolution structures of complexes comprising MutM 11 and OGG1 12 bound to oxoG-containing DNA and poised for base excision (lesion-recognition complexes, or LRCs) have shown that both enzymes extrude oxoG completely from the DNA helical stack and insert the extrahelical lesion into a recognition pocket on the enzyme (Fig. 1b) . Importantly, structures of LRCs depicting a diverse array of damaged nucleobases bound to DNA glycosylases have established that all enzymes acting on single-nucleobase lesions employ extrahelical base excision 13 . These findings have raised 1 Graduate Program in Biophysics, Harvard Medical School, Boston, Massachusetts 02115, USA. Departments of 2 Chemistry and Chemical Biology, 3 Molecular and Cellular Biology, and 4 Stem Cell and Regenerative Biology, Harvard University, Cambridge, Massachusetts 02138, USA. 5 Chemical Biology Initiative and Program in Cancer Chemical Biology, DanaFarber Cancer Institute, Boston, Massachusetts 02115, USA. 6 considerable interest in understanding the sequence of events that begins with a DNA glycosylase scanning DNA and encountering a lesion, and ends with insertion of the lesion into the active site followed by catalysis of base excision. Though much is known structurally about the end stage of this process, namely extrahelical lesion recognition and excision, virtually nothing is known about the nature of the initial encounter between the enzyme and an intrahelical lesion. Here we report the structures of three complexes representing the state of initial encounter between MutM and a fully intrahelical, base-paired oxoG lesion in DNA. The clearly discernible structural differences between the encounter complexes (ECs) versus sequence-matched complexes having a target G instead of oxoG (interrogation complexes, or ICs) indicate that MutM can discriminate an oxoG lesion from its normal counterpart even at the stage of intrahelical encounter. Computational simulations enabled by such closely matched structures indicate active participation of MutM in the early steps of lesion extrusion from DNA.
Entrapment strategy
To trap the ordinarily fleeting state of intrahelical lesion encounter, we introduced two key modifications: (1) disulphide-crosslinking 14 to limit the roaming range of MutM on DNA, and (2) mutation of the oxoG-capping loop (OCL), which interacts extensively with the extrahelical oxoG ( Fig. 1d) , so as to prevent the LRC from dominating the thermodynamic landscape of MutM-DNA interactions. Biochemically, the MutM OCL variants failed to excise oxoG from DNA, but remained competent in cleaving DNA at abasic sites (Supplementary Fig. 2a-b ). This activity profile indicates that OCL mutation only disrupts oxoG-recognition dependent reaction step(s) in the base excision cascade.
To isolate the effect of the lesion on DNA, we crystallized matched pairs of structures, with each pair differing only in whether the DNA component contains a G or an oxoG at the interrogation site by MutM. To establish the effect of sequence context on intrahelical lesion recognition, we structurally characterized matched EC/IC pairs and the corresponding LRCs with three different sequences (for example, EC3/IC3/LRC3, Supplementary Fig. 3 ).
Global structures of encounter complexes
The global structure of EC3 (1.89 Å resolution) closely resembles that of IC3 (Fig. 1c) , with a sharp bend in the DNA localized to the binding site of MutM (Fig. 1e) . The target oxoGNC base pair in EC3 is unambiguously intrahelical ( Supplementary Fig. 4) ; EC3 is thus the first structure of a DNA glycosylase directly observed at the stage of its initial encounter with an intrahelical lesion. Importantly, EC3 yielded the same crystal form (Supplementary Table 1 ) that has captured diverse states of nucleobase extrusion by MutM, from unextruded to partially and fully extruded 11, 14 . Therefore, the unextruded recognition state in EC3 represents a preferred mode of MutM-DNA interaction when the fully extruded state is destabilized.
Three MutM residues serve critical roles in probing the target nucleobase. In LRC3, F114 and M77 intercalate into the DNA helix on the 39-side of the broken oxoGNC pair, and R112 reaches into the space formerly occupied by the oxoG to form a hydrogen bond with the opposite C (Fig. 2a) . In the intrahelical state observed in EC3, only F114 penetrates the kinked DNA helix and buckles the target base-pair, whereas M77 is retracted. Most significantly, insertion of R112 into the helical stack is prevented by the intrahelical oxoGNC base-pair. R112 instead curls under to form a hydrogen bond with the N3-atom of the 39-side G neighbouring the target C ( Fig. 2c and Supplementary Fig. 5a ), and all four nucleobases can interact with R112 in the equivalent minor groove position. As in IC3 (Fig. 2b) , this alternative conformation of R112 is stabilized through hydrogen bonding with E78.
Despite the differences in DNA sequences and the crosslinking positions on the DNA, the structures of EC4 (1.62 Å resolution) and EC5 (1.83 Å ) bear all defining global structural characteristics described above for EC3 ( Supplementary Fig. 5b-c) . The pronounced similarity among the EC structures indicates that the global features of the encounter between MutM and an intrahelical lesion are relatively independent of local sequence context.
MutM distinguishes a target oxoG from G Each EC and its sequence-matched IC differ in the protein-DNA interface by only two atoms, those that distinguish oxoG from G (Fig. 1a) . Despite several shared key features, each EC/IC pair bears significant elements of structural divergence in stacking and buckling in the DNA component, and in the protein-DNA interface (below and Supplementary Information). The most pronounced differences lie in the DNA backbone conformation. The target G in IC3 adopts the ground-state 29-endo sugar pucker (Fig. 3a) . Replacing G by oxoG results in pseudorotation of the sugar to an alternative pucker (C49-exo) ( Fig. 3c and Supplementary Fig. 9 ). An identical change in sugar pucker is observed in going from IC4 to EC4 (Supplementary Fig. 10a-c ). This conformational reorganization of the DNA backbone is directly attributable to the 8-oxo substituent on oxoG, as modelling of an 8-oxo carbonyl onto the G in IC3 shows a steric clash with C29 (2.6 Å , Fig. 3b ). Importantly, oxoG in isolated B-form DNA adopts the 29-endo sugar pucker, with an 8-O/C29 distance (3.0 Å ) beyond the repulsion range 7, 10 . This indicates that the aforementioned steric strain results from conformational manipulation by MutM while inspecting a target base in DNA. The mechanism of this effect is readily apparent from the crystal structures. Buckling of the target base pair by MutM ( Supplementary Fig. 6 ) causes glycosidic bond rotation that thrusts C8 towards C29, making the C8/C29 distance shorter than in naked DNA. Whereas the C8-H in G is small enough to avoid a clash with C29, the much larger C8-O in oxoG jams into C29, thereby introducing the clash that disfavours the 29-endo sugar pucker. Interestingly, DNA polymerases employ a similar strategy to amplify the difference between oxoG-containing DNA and normal DNA 15 . The IC5/EC5 pair also shows clear evidence of oxoG-specific intrahelical recognition, but of a different form from that in sets 3 and 4. In IC5, the target G already adopts the alternative C49-exo sugar pucker ( ARTICLES steric clash. However, the close proximity between the C8-H and 59-phosphate of the target G in IC5 would result in unfavourable steric and electronic interactions between the 8-oxo carbonyl of an oxoG in the same conformation and its own 59-phosphate (Fig. 3e ). This clash is avoided in EC5 (Fig. 3f ) by rotations about the C49-C59 bond and the phosphodiester linkage to the 59-neighbouring nucleoside ( Supplementary Fig. 10d ). Again, the above DNA backbone adjustments are absent in isolated oxoG-containing DNA 7, 10 . In conclusion, when MutM encounters an intrahelical oxoG, the protein can induce two distinct local modes of conformational change in the DNA backbone to avoid unfavourable interactions with the 8-oxo group: pseudorotation of the sugar as in EC3/4, and backbone rotations observed in all three ECs. The differences between EC3/4 and EC5 (Supplementary Figs 6, 7 and 11) might simply result from the non-identical constraints on helix architecture imposed by base-stacking with either C (EC3/4) or G (EC5) on the 59-side of the lesion.
The structural changes on replacement of a normal target G by an oxoG lesion, although caused by local steric effects, are transmitted to the surrounding DNA backbone, causing consistent differences in the MutM-DNA interface across all three sets of structures. Most obviously, the DNA backbone around the lesion moves towards the LRC conformation in going from ICs to ECs ( Supplementary Fig. 12) ; importantly, this takes place at positions distal from sites of crystal contacts ( Supplementary Fig. 13 ). In general, more residues in the ECs directly contact the backbone of the lesion-containing strand than in the corresponding ICs, and the LRCs maintain these contacts ( Supplementary Fig. 14) . Although no single structural feature is absolutely diagnostic for the presence of an oxoG, an intrahelical lesion modifies the overall complex structure further towards the extruded state.
Energetics of lesion extrusion
To determine the thermodynamic and possible kinetic consequences of the structural perturbations described above, we performed molecular dynamics simulations to calculate the free energies for the extrusion of oxoG and G from DNA in the presence and absence of MutM. The availability of matched intrahelical and extrahelical structures (EC4/ IC4/LRC4) enables computational studies of the nucleobase extrusion pathway, which consists of three successive events: (1) disruption of the target base pair and extrusion of the target base into the minor groove; (2) Supplementary Movies 1 and 2) . Although the simulations encompass all three stages of base extrusion, event (1) is of primary interest for understanding the origin of lesion recognition by MutM. Figure 4a plots free energies along the extrusion pathway from the initial intrahelical state to the lowest free-energy state in which the target base is extrahelical but not yet rotated and extended. In the presence of MutM, the overall barrier to oxoG extrusion is only ,4 kcal mol 21 (Z 5 0.45), whereas that for G is ,11 kcal mol
21
(Z 5 0.63, Supplementary Table 2) . Rates for nucleobase extrusion were estimated from these free energy barriers based on earlier work 16 : Supplementary Fig. 18, Supplementary Movies  3 and 4) .
What roles does MutM have in base extrusion? In the absence of MutM, bent DNA, assuming the conformation in EC4/IC4, experiences considerably reduced overall free energy barriers to target base extrusion, as compared to naked unbent DNA (Fig. 4a) ; the values obtained here for unbent DNA are close to those reported previously [17] [18] [19] . Therefore, one mechanism by which MutM promotes nucleobase extrusion is by introducing a bend in the DNA near the enzyme active site, as the loss of stacking interactions for the target base 20 destabilizes the intrahelical state. Furthermore, comparison of the free energy barriers for the naked bent DNA with those for MutM-bound DNA indicates that MutM actively facilitates the target nucleobase extrusion, and the facilitation effect is greater for oxoG than G. This additional reduction of the free energy for base extrusion involves several MutM residues ( Fig. 5 and Supplementary Fig. 15 ). F114 and M77 buckle the target base pair to interrupt base-stacking interactions. Most striking are the effects of R112. At the initial MutM-DNA encounter stage, R112 remains close to the nonWatson-Crick (WC) lone pair on O2 of the C opposite the target base, and this serves as the wedge point for helix invasion (Fig. 5a ). R112 moves from its interaction with the non-WC to the WC lone pair of O2-C, in direct competition with the target nucleobase (Fig. 5b, c) . From this 'anchored' position, R112 invades the helix to establish bidentate hydrogen bonds with O2 and N3 of C, concomitant with breakage of the target base-pair ( Fig. 5d-f ). To confirm the role of R112 in promoting target base-pair disruption, free energy simulations for MutM-bound DNA were repeated with the interactions between the R112 side chain and the target oxoGNC or GNC turned off. R112 now fails to invade the DNA helix, the disruption of the target base pair is delayed, and both oxoG and G experience elevated free energies at Z 5 1.0 (Supplementary Fig. 19 ). A similar arginine residue (R128) in O 6 -alkylguanine-DNA alkyltransferase has been observed computationally to invade the DNA helix and disrupt the target base-pair following spontaneous base-pair fluctuations 16 .
How does MutM locate oxoG in the genome?
Recent single-molecule tracking studies have established that MutM translocates along DNA with a nearly negligible free energy barrier (,2 kcal mol 21 per base pair, ref. 21 ). This effectively rules out the possibility that MutM must inspect every nucleobase in its extrahelical lesion recognition pocket to locate oxoG. MutM must therefore possess a mechanism for discriminating intrahelical lesions from normal bases. The absence of a thermodynamic preference for the MutM OCL variants to bind oxoGNC-containing DNA (,twofold, Supplementary Fig.  2c ) indicates that intrahelical lesion recognition by MutM must have a kinetic origin. This conclusion is supported by biochemical experiments on wild-type MutM [22] [23] [24] . The matched sets of structures reported here indicate that encounter of a lesion by MutM promotes an 'extrudogenic' DNA backbone conformation that is conducive to nucleobase extrusion. Molecular dynamics simulations of the base extrusion pathway based on these structures clearly show that, in the presence of MutM, an oxoG lesion encounters a much lower and flatter energy barrier for initial extrusion from the helical stack than does G. In both ECs and ICs, a cherry-picker residue in MutM, R112, promotes the disruption of the target pair by competing with Watson-Crick base-pairing. This active intrahelical interrogation and extrusion mechanism differs from the passive mechanism proposed for uracil DNA glycosylase (UNG), in which the protein is envisaged to preferentially capture a spontaneously extruded lesion 25 . The massively redundant Brownian search mechanism employed by MutM to inspect DNA requires minimization of the kinetically expensive extrusion of normal bases. MutM initially encounters a fully intrahelical, base-paired oxoG lesion. Through a combination of DNA bending, unstacking, buckling of the target pair and helix invasion by R112, MutM can discriminate a lesion from an undamaged base and preferentially promotes oxoG extrusion. This mechanism indicated by the structures and computational studies here provides clues for the kinetic efficiency of MutM in lesion search and recognition.
METHODS SUMMARY
Geobacillus stearothermophilus MutM with crosslinking mutation Q166C and OCL mutation (D220-235, V222P or T224P) was overexpressed in Escherichia coli and purified as described before 11 . DNA oligomers were synthesized with standard phosphoramidite chemistry and the disulphide crosslinker was introduced using H-phosphonate chemistry 14 . Purified crosslinker-containing DNA duplex (10 mM) was mixed with 20 mM MutM in 20 mM Tris pH 7.4 and 50 mM NaCl for 2-3 days. The crosslinked complex was purified from the mixture with a Mono Q column, concentrated to 225-250 mM in 50 mM NaCl, 20 mM Tris pH 7.4, and crystallized in reservoir solutions containing 12-18% PEG 8K, 100 mM sodium cacodylate pH 7.0 and 5% glycerol. Diffraction data were collected on synchrotron light sources with cryo-protected crystals. Structures were solved by molecular replacement using coordinates of the protein part from isomorphous structures of MutM crosslinked to undamaged DNA.
On the basis of the EC4/IC4/LRC4 crystal structures, four end-state systems with MutM and oxoG-containing or normal DNA were prepared, energy minimized, and equilibrated using molecular dynamics simulations. The all-atom CHARMM force fields [26] [27] [28] and TIP3P water model 29 were used. All simulations were performed with orthorhombic periodic boundary conditions, and electrostatic interactions were evaluated using the particle mesh Ewald summation method 30 . The base extrusion pathways for oxoG and G were determined by employing steered and targeted molecular dynamics simulations [31] [32] [33] , and the free energies were evaluated using umbrella sampling free energy simulations 34 . Similar procedures were applied for simulations with naked bent and unbent DNA duplexes. and 100 MD step, respectively. The protein, nucleic acids, and ions are represented with the all-atom CHARMM 27 force fields [26] [27] [28] , and the TIP3P model 29 was used for water molecules. For the 8-oxoguanine base, force field parameters were determined following the procedure suggested previously 28 and provided in Supplementary Table 3. All calculations were performed with the CHARMM program 40 (version c33a2). Targeted molecular dynamics (TMD) simulations. To generate the base extrusion pathway for oxoG and G, TMD simulations [31] [32] [33] 45 were carried out in the direction from the extrahelical active site bound configuration to the intrahelical configuration for the MutM-bound DNA complex, bent DNA, and unbent DNA duplex, respectively. Base extrusion and rotation were simulated by employing what is often called a steered molecular dynamics (SMD) algorithm; it is essentially the approach used previously 32, 33 . The steering potential, U SMD (t) at time t is defined as
where k is a force constant, q s is an order parameter for the base extrusion process, q 0 is the reference value of q s at a given time, and H(x) is a step function that equals 1 when x is positive and is 0 otherwise, that is, a half harmonic potential is used to bias the system. The order parameter q s was defined as the difference of two pseudo-dihedral angles,
where q rotat and q ext are the base rotation and base extrusion pseudo-dihedral angle 46 defined in Supplementary Fig. 16 , respectively. The order parameter q s initially had a positive value when the target base was in its extrahelical configuration, and decreased to negative values as the base re-anneals into the intrahelical configuration. During the simulation, when q s was closer to the target value than q 0 , the dynamics were unperturbed, and q 0 was advanced towards the final target value by a preset amount (Dq s ).
As described in the text, there is an essential structural rearrangement at the protein-DNA interface, as the base is extruded from the intrahelical conformation to the extrahelical conformation, that is, the invasion of R112, the formation of the ordered OCL, and importantly, the more global movement of the DNA backbone around the lesion towards the protein. The change in the enzyme-DNA interface that occurs during the base extrusion process was introduced by employing the restricted-perturbation targeted molecular dynamics (RP-TMD) algorithm 31 . In Supplementary Fig. 20 , we represent the DNA-protein interface atoms to which the RP-TMD perturbation was applied. Several parameters have to be selected to perform the SMD and RP-TMD simulations: k and Dq s for SMD and the maximum allowed perturbation in RP-TMD (see Supplementary Information). The selected parameters for SMD are 0.025 kcal mol 21 degree
22
for k and 0.025 degree for Dq s . For the RP-TMD method, the total positional perturbation in all the atoms was restricted to 0.01 Å ; if the RP-TMD perturbation was in the opposite direction to the force owing to the CHARMM potential, the positional perturbation was restricted to be 0.005 Å . During TMD simulations, we saved coordinates and velocities every 10 ps for the umbrella sampling free energy simulations described below. Free energy simulations. To determine the free energy of base extrusion and insertion into the active site of MutM, two-dimensional umbrella sampling MD simulations 34 were performed along the base extrusion pathway (generated from TMD simulations) with q ext and q rotat ( Supplementary Fig. 16 ) as the reaction coordinates. Each umbrella sampling window was separated by 5u from neighbouring simulation windows and was run for 50 ps with a force constant of 0.05 kcal mol 21 degree 22 for each reaction coordinate: the total number of windows was 591 for MutM-bound DNA with oxoG, 656 for MutM-bound DNA with G, 511 for bent DNA with oxoG, 649 for bent DNA with G, 625 for unbent DNA with oxoG, and 664 for unbent DNA with G, respectively. The potentials of mean force (pmf) were computed using the weighted histogram analysis method 47, 48 . For the naked bent DNA, we maintained the DNA bending by harmonically restraining certain sugar-phosphate backbone atoms to each saved TMD coordinate. The restrained atoms included the sugar-phosphate backbone atoms that were not terminal nucleotides and that were more than two nucleotides away from the target base-pair and the harmonic force constant was one tenth of the molar mass of each atom (kcal mol 21 Å
). The convergence of computed free energies was tested by carrying out additional 50 ps umbrella sampling free energy simulations for the oxoG extrusion in the MutM-bound DNA complex. In addition, we repeated the TMD and free energy simulations for the EC5/IC5/LRC5 set (set 5) to confirm that the simulation results are not dependent on the local sequence context. The results for the oxoG and G simulations are presented in Supplementary Fig. 18 and Supplementary Movies. The initial free energy barriers for set 5 are similar to those of set 4, also the computed free energy barrier for the extrusion of oxoG is consistently lower than that for G. In set 5, the free energies of the extrahelical intermediate states (Z 5 1.0) are significantly lower than the values for set 4. This difference is attributed to the destabilization of the intrahelical conformation of set 5 owing to the weakened base stacking interactions with the 59-side base. Because the extrahelical intermediate states are almost identical for set 4 and 5, the intrahelical free energy difference 'tilts' the free energy diagram in the observed way. To address the effects of R112 on the base extrusion shown in Supplementary  Fig. 19 , the nonbonded interactions between the side chain of R112 and the target oxoGNC or GNC base pairs were set to zero and free energy simulations were performed to obtain the pmf results; all other interactions of R112 were preserved.
